The effects of 25 kinds of solute elements on hardness and grain size in annealed Pt-based binary alloys were investigated together with cold workability and a hardness variation with a cold rolling reduction. Gain size largely varied depending on solute elements and their concentrations, and so the decrement in grain size per 1 at% solute addition was evaluated based on grain size difference between pure platinum and a respective alloy. This value markedly reduced in the low solute concentration range below 5 at%, followed by a sluggish reduction in the higher solute concentration range. Hardness values obtained in all alloys were corrected considering contribution of hardening due to grain refinement, and solid solution hardening was evaluated by the increment in hardness per 1 at% solute addition. The lattice constants of pure platinum and alloys were measured to calculate the size misfits. The increment in hardness increased with the increase in the size misfit in all alloys, and this relationship was clearly divided into two groups depending on whether the binary alloy system is a completely miscible type or a type with the solubility limit. The increment in hardness in the latter type of alloys was much higher than that of the former, and this value became larger with the increase in the inverse value of the solubility limit in Pt-based binary alloy. The superior cold workability and very similar work hardening behavior were observed in all Pt-based binary alloys.
Introduction
Pure platinum and its alloys are currently used in a wide variety of application fields because of their several superior properties over other metals and alloys. Pure platinum is a very soft and ductile metal with Vickers hardness of around 50 in H V , and possesses excellent cold workability. 1, 2) Platinum and its alloy are also used as a catalyst for purification of exhaust gas and crude oil. This metal has superior corrosion resistant property in various corrosive environments at both ambient and high temperatures, resulting in a wide use as a refractory material such as a crucible or a mold, and as a component material used in various laboratory equipments. 2, 3) One of the largest markets of platinum is jewelry and ornaments. Platinum jewels such as rings, bracelets and necklaces are manufactured by both routs of precision casting and wrought processes. 2, 4) In general, jewelry products made by noble metals and alloys are manufactured through various processes such as forming, machining, cutting or polishing. 4) In particular, extremely fine cutting and polishing are the most important to achieve attractive surface appearance in these applications. Similarly to other noble pure metals, pure platinum is too soft to accomplish very fine surface appearance by polishing, and it also tends to suffer a surface damage such as scratch or dent during use, deteriorating excellent surface appearance. Thus, hardening or strengthening by addition of alloying elements into noble metals is primarily conducted to solve this problem, and in fact, the most practical noble alloys for jewelry application contain various alloying elements in the total contents ranging from 5 to 25 mass%.
The selection and the amount of addition of alloying elements in noble metals for jewelry application have been conducted by considering several factors besides hardening such as modification of surface color appearance, cost of alloying additives, biocompatibility, manufacturing conditions or easiness in recycle of the base metal. New noble alloy development for jewelry application has been conducted mostly by an experience-based method, which is particularly true in platinum-based alloys. Platinum has a relatively short history of industrial use since a large-scale exploitation of platinum started in 1920's, and this metal is the most expensive among noble metals. As a result, very few systematic studies have been performed regarding on the effect of alloying elements on various properties in platinumbase alloys in the past. Currently, Biggs et al. reported hardening of platinum alloys for jewelry application, 4) and Pt-based intermetallic alloys have been studied with aiming the development of the more superior high temperature material over Ni-based super-alloys. [5] [6] [7] [8] Under these circumstances in platinum alloys, the present study was conducted to investigate systematically the effect of various solute elements on hardness and grain size in platinum-base binary alloys. Grain refinement by addition of solute elements is important in both of cast and wrought products, because the microstructure with coarse grains deteriorates not only mechanical property, but also surface appearance of cold worked products with a fine surface finish. Total numbers of 25 kinds of solute elements belonging to the group number from 3 to 14 and the periodic number from 3rd to 6th in the periodic table were investigated, and a respective solute element was added in the concentration range of solid solution in platinum-base binary alloy with FCC structure.
Grain size and hardness measurements in annealed alloys were primarily conducted, and work hardening behavior in pure platinum and Pt-based binary alloys was also conducted by investigation of hardness variations with a rolling reduction in cold rolling. The solute concentrations among various binary alloys prepared in this study were largely different, and thus evaluations of grain refinement and solid solution hardening due to a respective solute element were conducted based on calculations of the decrement in grain size and the increment in hardness per 1 at% solute addition, respectively. The increment in hardness in various Pt-based binary alloys was analyzed and discussed based on the misfit parameter which was calculated from the lattice constants measured by X-ray diffraction (XRD).
Experimental Procedure
Platinum based binary solid solution alloys were prepared using argon arc melting furnace with a water-cooled cupper mold and a non-consumable electrode. Total numbers of 25 kinds of elements were selected as additives of Pt-based solid solution alloys, excluding toxic or radio-active elements and high vapor pressure elements. As shown in Table 1 , solute elements and their concentrations in Pt-based alloys are listed on the periodic table. The concentration in a respective solid solution alloy prepared in this study was mostly one level, and it was near to the solubility limit of Pt-based binary alloy except alloys containing V, Ni, Zr and Ir. Solute concentrations in these alloys were varied in two or three levels to examine grain size and hardness variations with concentrations. The concentration in Pt-X alloy noted hereafter is mass% except the case noted otherwise.
Melting raw materials used were pure platinum sheet with 1 mm in thickness and purity of 99.9%. Additives had various shapes such as powder, flake, sheet or grain, and their purity was 99.9% except vanadium, iron and zirconium of which purity was 99%. Special cautions were taken in both preparations of melting raw materials and melting procedures. The mass of pure platinum or additives was precisely measured, and additives were enclosed by platinum foil. The melting was repeated for 4 times, and contamination during melting was minimized. The mass loss during melting was very tiny, being less than 1% in all ingots. Chemical compositions of ingots were not analyzed, but nominal compositions calculated based on both masses of platinum and an additive element used in preparation of a respective ingot were used for data presentations and analysis. The mass of a button ingot was around 9 g, and the ingot size was 10 mm in diameter and 6 mm in thickness.
Button ingots were homogenized at 1573 K for 18 ks under argon gas atmosphere, and subsequently isothermal hotcompression was conducted under vacuum using a hot working simulator of THERMECMASTER-Z. Ingots were deformed from 6 mm to 3 mm in the thickness direction at the temperature of 1573 K and strain rate of 2 Â 10 À3 s À1 . Hotdeformed alloys were subsequently hot-rolled to 1.5 mm thickness after reheating at 1373 K. Finally, alloys were annealed at 1373 K for 3.6 ks under argon gas atmosphere. Annealed specimens with the initial thickness of 1.5 mm were cold-rolled with various rolling reductions of approximately 20, 50 and 70%. Hardness of both of annealed and cold rolled specimens was measured using a Vickers hardness tester (Akashi corp. MVK-H1) with a load of 1 kgf.
Microstructural observations and hardness measurements were preformed in the center part of the cross section in the specimens which were halved by cutting in the thickness direction. The microstructure of the annealed specimen was revealed by etching in use of a nitro-hydrochloric acid solution at 323 K and was observed by an optical microscopy. Grain size was measured by an intercept method. The lattice constant value was measured by X-ray diffraction (RIGAKU Corp., RINT-2200). Diffraction peaks were determined using CuK 1 and CuK 2 radiations, and seven diffraction peaks were measured and used for analysis. Tiny errors are involved in measurements of diffraction peaks or 2, and thus, the true lattice constant of a 0 was obtained by calibrating measured lattice constant values using eq. (1), 9) 
where a and 2 are the measured lattice constant and Bragg angle obtained from a respective diffraction peak, respectively. The value of a 0 was obtained by extrapolating cos 2 to zero in plots of a vs cos 2 . Accuracy of the lattice constant value was within AE0:0001 nm.
Results

The effect of solute elements on grain size of
Pt-based binary alloys The microstructures evolved in annealed pure platinum Grain size in alloys with the higher solute concentration tends to become finer compared with that in alloys with the lower solute concentration, but grain size at a given solute concentration shows a wide variation depending on solute elements. Several examples of the microstructures evolved in pure platinum and various Pt-based binary alloys are shown in Fig. 2 . Grain size changes from 610 mm in pure platinum to 51 mm in Pt-2.5%Zr alloy. The solute concentration is largely different among various binary alloys, and so the decrement in grain size per 1 at% solute addition was calculated in all binary alloys based on the equation of (D Pt À D Pt-X )/(atomic solute concentration in Pt-X alloy), where D Pt and D Pt-X are grain size of pure platinum and Pt-X alloy, respectively. Grain size and calculated values of the decrement in grain size in all alloys are listed in Table 2 .
Decrements in grain size per 1 at% solute addition in all binary alloys are graphed in Figs. 3(a) to (d) , where the solute element in a respective alloy is put side by side based on periodic numbers of 3rd, 4th, 5th and 6th, respectively. Solute elements in each periodic number are put in order of the group number from the left to right sides, and difference in crystal structures of a respective element is also expressed by different marks. The decrement in grain size in V-, Ni-, Zror Ir-added alloy shown in this graph is the value obtained in the least solute concentration in a respective alloy. Solute elements belonging to the 6th period number evidently give rise to the largest decrement in grain size, and the smallest decrement is observed in solute elements belonging to 4th period. It is also found that solute elements belonging to the lower group number in a respective periodic number yield the larger decrement in grain size compared with solute elements with the higher group number. Elements belonging to lower group numbers such as Hf, Ta, W, Re, Zr, Nb or Ti have mostly BCC or HCP structure, and these solute elements result in the larger decrement in grain size compared with elements with FCC structure such as Ni, Cu or Au. The largest decrement in grain size is obtained by Hf addition of 0.5 at%, which was 838 mm per 1 at% addition and the second ranked elements in a strong grain refiner are W, Re and Ta, of ( which the decrements in grain size per 1 at% addition are 213, 212 and 207 mm per 1 at% solute addition, respectively. Figure 3 shows a very large variation in the decrement in grain size depending on solute elements. However, the large difference in solute concentration among various binary alloys possibly affects the decrement in grain size per 1 at% solute addition. Therefore, the relationship between decrements in grain size per 1 at% solute concentration and the solute concentration in a respective alloy is graphed as shown in Fig. 4 , where the vertical axis is a log-scale. Data of all binary alloys including alloys with two or three levels of the solute concentration are included in this figure. Variations in the decrement in grain size with the solute concentration in all binary alloys are approximated by two straight bands with a bending point in a solute concentration of around 5 at%. The decrement in grain size by addition of various solutes is affected by both the solute concentration and solute elements, and the latter effect is shown by the width of straight bands. The result shown in Fig. 4 indicates that the former effect on the degree of grain refinement is much larger than the latter effect. The decrement in grain size is very large in the low solute concentration range up to approximately 5 at%, and the further increase of solute concentration up to 33 at% yields a much smaller slope in a straight band in the relationship between the decrement in grain size and the solute concentration.
The effect of solute elements on hardness of Pt-based binary alloys
Hardness values obtained in all annealed binary alloys are listed in Table 2 , which are largely varied in the range from 50 in H V in pure platinum up to 405 in H V in Pt-5%Zr alloy. Strength or hardness in solid solution alloys with a single phase is primarily controlled by both grain size and solid solution hardening. Because a wide variation in grain size was observed in the present Pt-based binary alloys, the value of hardness obtained in a respective alloy is needed to calibrate the amount of hardening raised by the difference of grain size for comparison of solid solution hardening among various solute elements. Therefore, grain size dependence of hardness in pure platinum was investigated. Grain size of pure platinum was varied from 182 mm to 610 mm by changing annealing temperatures from 973 to 1373 K, and hardness of these specimens was measured. Grain size dependence of hardness in pure platinum is shown in Fig. 5 together with that of other FCC metals and alloy reported by Wang. 10) This relation is expressed by eq. (2) similarly to Hall-Petch relationship for yield strength,
where Hv 0 is the constant value, and Hv Pt and D Pt are hardness and grain size of pure platinum, respectively. It is found from this figure that K value of pure platinum is almost the same as that of other FCC metals and alloy, and that Hv 0 and K values are 42 in Hv and 204 HvÁmm À1=2 , respectively. Grain size dependence of hardness in all binary alloys was assumed to be the same as that of pure platinum, and hardness values in all alloys were calibrated using this K value under the condition that grain size in all alloys is the same as that of pure platinum. Calibrated hardness values in all binary alloys are also listed in Table 2 . In the following, calibrated hardness values in alloys are used for data presentation and analysis. Similarly to grain size variations due to addition of various solutes, the increment in hardness per 1 at% solute addition was calculated based on the equation of (Hv Pt-X À Hv Pt )/ (atomic solute concentration in Pt-X alloy), where Hv Pt-X and Hv Pt are hardness values of Pt-X alloy and pure platinum, respectively. Calculated values of the increment in hardness per 1 at% solute addition are listed in Table 2 . Figures 7(a) to (d) show increments in hardness per 1 at% solute addition in all binary alloys, where the solute element in a respective alloy is put side by side based on the periodic table similarly to Fig. 3 . All solute elements give rise to hardening, although such elements as Pd and Rh yield a very tiny hardening. Top three-ranked solute elements in the largest increment in hardness per 1 at% solute addition are Hf, Zr and Sc, which belong to the lowest group number in periodic numbers of 5th, 4th and 3rd, respectively. The increment in hardness per 1 at% solute addition tends to become larger with a reduction of group number in a respective periodic number, but the periodic number appears to have no relationship with the increment of hardness. Solute elements with FCC structure yield the least hardening among solutes with various crystal structures. The datum of Ge is excluded in this figure, but this element belonging to the group number of 14th result in the largest increment in hardness among all alloys as seen in Table 2 . This result indicates that the ranking of the increment in hardness among various solutes in binary alloys can not be fully explained based on the periodic group number. This result of Ge is used in the analysis conducted in the following chapter.
Similarly to Fig. 4 showing dependence of the decrement in grain size on the solute concentration, the relationship between the increment in hardness per 1 at% solute addition and the solute concentration in a respective alloy was examined. However, data scatter in this relationship was very large and any distinct relationship was not observed. Solid solution hardening or the increment in hardness is analyzed based on the size misfit in the following chapter.
Hardness variations with a cold rolling reduction
Hardness variations with a cold rolling reduction in pure platinum and binary alloys were investigated by changing the rolling reduction up to 70%. All alloys showed an excellent cold workability without suffering any cracking even in the high rolling reduction. Figures 8(a) and (b) show results of pure platinum and binary alloys with elements belonging to group numbers of 4th and 5th, and 10th and 11th in periodic table, respectively. A relatively high work hardening rate is observed in a rolling reduction up to 20 or 25% in pure platinum and all binary alloys, and the work hardening rate tends to become low with a further extension of a rolling reduction. Hardness of pure platinum which is 50 in H V in as annealed condition becomes over 100 in H V in a rolling reduction of approximately 60%. No marked difference in work hardening rate appears to be observed among elements classified by a respective group number. All binary alloys exhibit very similar work hardening behavior to that of pure platinum, although a quantitative analysis of work hardening rate in a respective binary alloy was not conducted. The work hardening due to cold rolling in pure platinum and binary alloys was evaluated based on the difference in both hardness values obtained after cold rolling with a rolling reduction of 60% and after annealing. Figure 9 shows the relationship between hardness in as annealed condition and the increment in hardness after cold rolling with 60% rolling reductions. The increment in hardness in the most alloys increases linearly with the increase of hardness obtained by annealing except several alloys, of which the relationship is expressed by eq. (3).
where ÁHv is the difference of hardness values after cold rolling with a rolling reduction of 60% and annealing, and Hv annel is hardness in as annealed condition. Cold working under a strict control of the rolling reduction is one of methods for strengthening or hardening metals and alloys, and therefore it is expected that such data as shown in Figs. 8 and 9 can be utilized for strengthening or hardening of pure platinum and platinum-based binary alloys.
Discussion
4.1
The effect of solute elements on grain size in Ptbased binary alloys In this study, the solute concentration in a respective binary alloy was largely different, and so the effect of various solute elements on grain size was evaluated based on the decrement in grain size per 1 at% solute addition. This value showed a strong dependence of the solute concentration in a respective alloy, while the effect of the solute element on this value was relatively small. The least solute addition resulted in the largest decrement in grain size, and the increase in the solute concentration up to around 5 at% decreased this value at the high rate, followed by a sluggish reduction of this value with the further increase in the solute concentration over 5 at%. The effect of the substitutional solute element on grain growth has been explained based on solute drag mechanism, where grain boundary mobility is controlled by the solute element segregated on grain boundary or dispersed nearby grain boundary. Pure Pt Pt-0.5Hf Pt-2.5Ta
Pt-2.5Nb Pt-1.49Ti
Pt-2.5V Pt-2.5Zr content of various substitutional alloying elements on the mobility of the = interface in C-Mn steel, where the interface mobility reduced at very high rate in the range of very low alloy contents, followed by a sluggish reduction with the further increase of contents. 12) This behavior in the relationship between the interface mobility and the content of alloying elements is very similar to the present result of a variation of the decrement in grain size with the solute concentration obtained in Pt-based binary alloys.
As shown in Fig. 3 , the effect of various solute elements on the decrement in grain size per 1 at% solute addition appeared to be associated with the periodic and group numbers on the periodic table to which the solute element belonged as well as crystal structure of the solute elements. However as already noted, the analysis based on dependence of the decrement in grain size per 1 at% solute addition on the solute concentration yielded a relatively small effect of solute elements. The d-electron character of the solute element can be read from the periodic table, which affects various physical and chemical natures of the solute element. This may yield somewhat the indirect relationship between the grain refinement and the periodic and group numbers of the solute element. However, the more detail investigations are needed to reconfirm these findings and to pursuit the cause for these correlations.
Solid solution hardening due to various solute
elements in Pt-based binary alloys All solute elements investigated in this study showed solid solution hardening, and any solute element causing alloy softening was not found in Pt-based binary alloys. This is in contrast to the result of austenitic stainless steel with the same FCC structure, because strength of this alloy was decreased by addition of alloying elements such as Mn, Ni or Cu, while Si and Mo additions increased strength. 13) Solid solution hardening due to the substitutional element is caused by the elastic interaction between an edge dislocation and solute atoms. This elastic interaction has the size and the modulus effects, which are caused by the difference of the atomic radius and the elastic modulus, respectively. As the influence of the former is far-reaching, solid solution hardening is mostly analyzed based on the size effect.
14) The size misfit parameter of a solute element, " a which is the ratio of a lattice constant variation per 1 at% solute addition, can be expressed by eq. (4).
where a and a Pt are the lattice constants of Pt-X solid solution alloy and pure platinum, respectively, and jda=dcj is an absolute value of the slope in the straight relationship between lattice constant of a and the solute concentration of c. The other way to evaluate the size misfit is based on the difference of the atomic radius between the base metal and the solute element, which is expressed by eq. (5).
where r Pt and r x are atomic radius of platinum and the solute element of X, respectively. The lattice constants in Pt-based binary alloys were measured by XRD analysis, and these values are summarized in Table 3 together with calculated values of " a . Values of atomic radius in a respective element and calculated values of " r are also listed in this table together with the type of the phase diagram and the maximum solubility limit in binary alloy system. The lattice constant of pure platinum was 0:39250 AE 0:00005 nm, which agreed well with the reported one. 15) Figures 10(a) and (b) show variations in the lattice constant with a solute concentration in binary alloys with two levels and a single level of the solute concentration, respectively. The former figure includes the result of Pt-5%Nb alloy which was additionally prepared only for evaluation of the lattice constant. It is found from Fig. 10(a) that the lattice constants linearly change with the increase of the concentration in all solute elements. Nb and Zr increase the lattice constant, and V, Ni and Ir decrease this value. Figure 10(b) shows the lattice constants in binary alloys with a single level of the solute concentration. All solute elements besides Hf, Ta and Au decrease the lattice constant, and Co among them results in the largest reduction of the lattice constant.
Calculated values of " a and " r are shown in Table 3 , where values of " a and " r are not shown by the absolute value but by the positive or negative value corresponding to actual variations of the lattice constant and the atomic radius. It is found that all solute elements having a larger atomic radius than that of platinum or a positive value of " r result in positive values of " a , and solute elements having a smaller atomic radius than that of platinum or negative values of " r show negative values of " a . Figure 11 shows the correlation between both absolute values of the size misfits of " a and " r . An excellent correlation between both values is observed except solute elements of Mn and Zr. Therefore, the increment in hardness per 1 at% solute addition in Pt-based binary alloys is analyzed using the size misfit of " a in the following.
Solid solution hardening in many alloy systems had been studied during the past half century, of which results were mostly analyzed based on the size misfit. King reported quantitative size-factors defined in terms of the effective atomic volume of the solute for 469 substitutional solid solutions using lattice parameter data available in the literatures, and discussed the application of these size-factors in relation to various properties of solid solution alloys. 16) He introduced the linear size-factor and calculated this value of many solid solution alloys. For various solute elements in Ptbased binary alloys, the correlation between the linear-size factors calculated by King and the size misfit obtained in the present study is shown in Fig. 12 , where an excellent correlation between them is found. Figure 13 shows the relationship between the increment in hardness per 1 at% solute addition and the size misfit of " a in Pt-based binary alloys, where the vertical scale is a log-scale. Lattice constants of Sc, Ti, Ge and Mo were not measured. So, increments in hardness in these solutes were plotted using " r values in place of " a in this figure, where these solutes were shown in the different mark. The correlation between them is clearly classified into two groups depending on a type of phase diagram in Pt-X binary alloy system. In the most of a completely miscible type of alloys except Pt-Au and Pt-Ir alloy systems, the logarithm of the increment in hardness increases linearly with the increase of the absolute value of the size misfit. Increments in hardness in Pt-Au and Pt-Ir alloys were much larger than values inferred from the relationship between the increment in hardness and the misfit for a completely miscible type of alloys. This may be caused by additional hardening due to the order phase which may be formed during cooling in annealing treatment. The increment in hardness in alloys with the solubility limit which are shown by open marks in this figure also increases with the size misfit, although this correlation yields a wider band of Table 3 Classification of alloy type, the maximum solubility limit, the measured lattice constant and " a in Pt-based alloys, and atomic radius and " r of the solute element. Fig. 10 Variations of the lattice constant with the solute concentration in Pt-based binary alloys. Solute elements shown in (a) and (b) belong to group numbers from 4th to 7th, and from 8th to 11th, respectively in the periodic table.
Size misfit calculated by a variation of data scatter than that in a completely miscible type of alloys. The increment in hardness in this type of alloys is always larger than that of a completely miscible type of alloys. Consequently, it was found in Pt-based binary alloys that solid solution hardening in alloy systems with the solubility limit was much higher than that in a completely miscible type of alloys, while solid solution hardening in both types of alloys was primarily controlled by the size misfit. Suzuki's group studied solid solution hardening in Ni-X binary alloys and Ni-40 at%Co-X ternary alloys, reporting that solid solution hardening in alloys with the solubility limit became larger than that of alloys with a completely miscible similarly to the present result. [17] [18] [19] It was also reported that an extra hardening observed in the former type of alloys increased with a reduction of the solubility limit. Thus, in the present Pt-based binary alloys, the relationship between the increment in hardness and an inverse of the solubility limit in a respective alloy was investigated, of which result is in Fig. 14. An excellent correlation between them is found, although a scatter band is rather broad. This result indicates that solid solution hardening in the binary alloy with the narrow solubility limit becomes larger compared with that of the alloy with the wider solubility limit. Solubility limits of Ge and Hf in Pt-based binary alloys are relatively narrow as 6.7 at% and 11.0 at%, respectively, and so these solutes give rise to the largest solid solution hardening. Shinoda et al. analyzed an extra hardening observed in Ni-based alloys with the solubility limit based on the heat of formation for solid solution, and found that this heat of formation became higher in alloys with the larger size misfit, while it was very low and independent of the size misfit in a completely miscible type of alloys. 18) They concluded that this was well correlated with an atomic interaction parameter between solute and solvent atoms.
As shown in Fig. 7 , the increment of hardness in a respective solute element appears to be related to the periodic group number or the crystal structure of the solute element. Mishima et al. reported that an extra hardening of solid solution hardening observed by addition of transition metals elements in nickel was caused by a possible contribution of electronic interaction involving d-electrons. 17) As already noted, d-electron character is associated with various properties including the cohesive bond strength between atoms, and so the periodic table or d-electron character appears to be related to the size misfit and the solubility limit which control hardening in solid solution alloys.
Conclusions
The effects of 25 kinds of solute elements on hardness and grain size in Pt-based binary alloys annealed at 1373 K were investigated together with hardness variations with cold rolling reductions. The following results were obtained.
(1) All binary alloys evolved the single phase microstructure with an equiaxed grain, and gain size varies in a wide range from 610 mm in pure platinum to 33 mm in Pt-2.5%Mo and Pt-10.8% Ru alloys. (2) The decrement of grain size per 1 at% solute addition was evaluated based on grain size difference between pure platinum and a respective alloy. A variation of this value with the solute concentration results on marked reduction in the low solute concentration range below 5 at%, followed by a sluggish reduction in the higher solute concentration range. (3) Solid solution hardening was evaluated by the increment in hardness per 1 at% solute addition, which was analyzed based on the size misfit calculated by the measured lattice constants of pure platinum and alloys. While solid solution hardening increases with the increase in the size misfit in all binary alloys, this behavior is clearly classified by the type of binary alloys whether they are completely miscible type or have the solubility limit. (4) Solid solution hardening in the binary alloy with the solubility limit is much larger than that of the completely miscible type of the alloy, and the increment of hardness in the former type alloy becomes larger with the higher inverse value of the solubility limit. (5) Both values of the decrement of grain size and the increment of hardness obtained in a respective alloy appears to be associated with the periodic number and the group number in the periodic table to which the solute element belongs as well as crystal structure of the solute element, but the more detail investigations are needed to reconfirm these findings and to pursuit the cause for these correlations. (6) The superior cold workability is obtained under a cold rolling reduction up to around 70% in all alloys. Work hardening behavior evaluated by variations of hardness with cold rolling reductions is very similar among various binary alloys.
